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Anomalous surface waves including Love waves and phase reversed Rayleigh
waves have been observed from explosions at HTS and from the eastern Kazakh
areas of the Soviet Unifon. In this report we use a linear model for tectonic
strain release to estimate the amount and type of prestress required to pro-
duce these anomalies. An important use of these results is to guide the input

to fully nonlinear simulations of an explosion detonated in 2 prestressed
environment.
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PBSTRACT: (Continued)

Tectonic strain release adds energy to the explosion component of the
seismic radiation because elastic energy storea in the madium is released
when & 2one of weakened material strength is created by the explosion.

In the model, this zone is treated as if it were a spherical cavity with
the dimensions of the explosion-produced failure zone. This effective
3 cavity radius requires independent constraints which can be provided by
p: nonlinear simulations.

General conclusions are as <ollows:

H In the presence of stress concentrations, tectonic release en-
hances high frequency radiation in preferred directions.

Compressive stress concentrations reduce body wave amplitudes
while tensiie stress c¢oncentrztions amplify body waves.

Long period tectonic surface waves depend only on the average
prestress field and are unaffected by stress heterogeneity.

: The tectonic surface waves reduce to a monopole plus a quadru-
: pole field superimposed on the explosion monopole.

3 Specific conclusions are as follows:

3 Rayleigh wave reversals or factor of two enhancements (depend-
i ing on the horizontal prestress being compressive or tensile

3 relative to the hydrostatic prestress) can be obtained with

g homogeneous or average shear stresses of ahout 50 bars

3 assuming that the effective cavity radius is equal to the
explosion elastic radius.

A maximum local shear stress of about a kilobar is required
before the tectonic component of body waves becomes comparable
in size to the explosion body waves. The average prestress
may be much lower, however.
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The anomalous body wave, Love wave and Rayleigh wave radfation
from PILEDRIVER can be simultaneously explained by a compressive
stress concentration of about a kilobar to the northeast of

the explosion.
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{. INTRODUCTION

fygg (1979) reports the observation of two phase reversed
Rayleigh waves from underground nuclear explosions in the eastern
Kazakh area of the Soviet Union. Patton (1980) reports that several
additional explosions from the same area also appear to have
Rayleigh wave reversals. Figure 1.1 shows two Rayleigh waves from
eastern Kazakn (Shagan River) explosions with clearly reversed
poiarities recorded at Xabul, Afghanistan. Goforth, Rafipour and
Herrin (1982), using a phase-matched filter analysis, fird phase
reversals and time delays of about three seconds for several Shagan
River explesions. Such observations have been reported in other
areas as well. Perhaps the best documented case of a Rayleigh wave
reversal {s from the NTS exolosion PILEDRIVER (Toksi:'»z and Xehrer,
1972). Rayleigh wave reversals are usually accompanied by the
generation of large amplitude Love waves. In the case of
PILEDRIVER, a body wave anomaly also occurred, with a strong
reduction in amplitude to the HNortheast (Hadley and Hart, 1979).
Since bedy wave magnitudes are used to estimate explosion yields, it
is very important to understand what variaticns in body wave
amplitudes may accompany surface wave anomalies.

Is this report we use a model for tectonic release which can
produce Rayleigh wave reversals and large Love waves. The model
assumes that when an underground explosion is detonated, a shatter
zone (region of weakened material) is formed around the cavity. If
the material near the explosion is intially in a strained state,
then elastic energy stored in the medium is released in the form of
seismic waves. These tectonic surface and body waves interfere with
the surface and body waves of the explozion, and will cause Rayleigh
wave reversals if the tectonic Rayleigh wave s reversed in polarity
and exceeds the explosion Rayleigh wave in amplitude. If the
horizontal prestress is compressive compared to the hydrostatic
prestress, then the tectonic Rayleigh waves will be reversed in
phase compared to tne monopole explosion Rayleigh waves.
Conversely, 2 horizontal prestress that is tensile cumpared to the
hydrostatic prestress causes Rayleigh wave amplificatfon.
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» Figure 1.1 Rayleigh waves from two explosions in the eastern Kazakh 3
H L 2 (Shagan River) area of the Soviet Union which exhibit phase :
£ reversals. The twe events were recorded at station KAAO on -
5 % 18 August 1979 znd 28 October 1979, respectively. i
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The explosions whicn snow the greatest amount of tectonic
release are those in granite (Toksoz and Kehrer, 1472). For our
explosion models, we therefore use two spherically symmetric granite
source models ~- the empirical model of Mueller ana Murphy (1971)
and a numerical model for partially saturated granite (Bache,
Barker, Rimer and Cherry, 1980). We add the wavefield generated by

, the tectonic release model to these monopole explosion sources in
' order to determine tne effect of model parameters on body waves and
E surface waves.
§ [ 3
‘ The rodel used nere to swmulate tectonic release 15 the sudden

creation of a spherical cavity in a prestressed medium (Stevens,
, 1980). Th.s provides a linear approximation to the complex
nonlinear processes whicn accompany an explosicn in a prestressed
medium. [n this report we use the linear model to estimate the
prestress level necessary to cause Rayleigh wave reversals. This
i estimate may be used to provide a reference level for fully
nonlinear simulations of an expliosion in a prestressed environment.

-

Vre:

I
i
{

!
£
£

L3 Nonlinear calculations in turn may be used to provide an estimate of
E: tne effective “cavity® radius which s a poorly constrained
g parameter in the linear model.
3 4 Cay, Rimer, Cherry and Stevens (1981) performed 2 two-dimen-
4

sional nontinear finite difference calculation of an explesion in a
prestressed medium where the prestress consisted of overburden
pressure superimposed on a 75 bar she-r stress, The results of the
calculation snow that the effective cavity radws (determined by

g

Qs

comparing surface wave amplitudes from the nonlinear simulation with
surface wave amplitudes from the linear wodel used in this report)
is about 50 - 80 percent of the eiastic radfus. Also, the waveforms
of long period surface waves found in the nonlinear simulation are
almost identical to the waveforms generated using the linear moael.

In addition to finding the prestress necessary to cause
Rayleign wave reversals, we also estimate the amplitudas of the
associated Love waves and the variations in body wave ampliitudes
which accompany tne reversals., We explicitly include the effects of
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nearby stress concentrations and look at the effects of the stress
inhomogeneity on body and surface waves.

An important prediction of the work is that an inhomogeneous
prestress field should have a much stronger effect on the high
frequencies than a homogeneous stress field would have. The body
waves can therefore be strongly affected by inhomogeneous stress
fields, especially in larger explosions. Also, the variation in
body waves can be highly directional with a strong decrease (or
increase) of body waves in preferred directions. If a stress
concentration is located close to the explosion, the body waves will

be most strongly affected in the direction of the stress
concentration.

Uniform prestress fields {in general should have a much
stronger influence on explosion surface waves than on the body
waves., Assuming that the region with minimai shear strength extends
to the elastic radius, Rayleigh wave reversal may be obtained with a
tectonic prestress of about 50 bars. In the linear model, assuming
that shatter zone formation 15 instantaneous, there is no time delay
associated with the reversal. A time delay would exist if the

shatter zone formed over an extended period of time le.g., Stevens,
1982).

Because of the boundary condition of vanishing normal and
shear tractions at the free surface, the only truly uniform
prestress fields which can exist are linear combinations of “strike
slip® and uniaxial prestress fields. The tectonic radiation from
explosions in these prestress configurations has negligible
influence on steeply descending body waves from the explosion. If
the prestress field is not quite homogeneous, then the prestress
orfentation may be different at the explosion depth than at the free
surface. Some other prestress orientations can have stronger
effects on the explosion body waves. The results of the
calculations for all uniform stress fields are summarized in Table
3.3 and Figures 3.4 through 3.7.
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Nonuniform prestress fields can occur 1n many different ways.
They always require some sort of dislocation in the medium since &
homogeneous medium without dislocations can only support a umiform
stress field. One way in which an inhomogeneous stress field may
form is by faulting under the influence of a high shear stress
field, perhaps when the material is deep n the earth, and then
removing the external shear stress by, for example, a gradual rise
of the material to the earth's surface. The resuit is a stress
concentration frozen into the material with a highly inhomogeneous
stress field,

Nonuniform strass fields produce more complex effects. We
analyze the body and surface waves vhen explosions occur near two
types of stress concentrations -- a point static dislocation and 2
canter of compression both located two elastic radii from the
expiosion center. The results are swmilar for both cases. The
stress field from a stress concentration varies as the inverse cube
of the distance from the stress concentraticn, causing a strong
variation n prestress across the shatter zone. If the stress
concentration 1s near the direction of the body wave takeoff angle,
there can be large effects on the explosion body waves. Surface
waves, on the other hand, are affected only by the average stress
field. A stress concentration which causes a prestress of abcut 100
bars at the cavity center (800 bars at maxamum at the elastic
radfus) can generate surface waves and body waves comparable to the
explosion surface and body waves. Note that this high stress field
needs to exist only 1locally and at depth to cause body wave
anomalies. A summary of the resuylts of calculaticns for a number of
com igurations of stress concentrations near explcosions is given in
Table 3.4 and Figures 3.9 through 3.14.

while surface wave ancmalies have been widely repeorted,
reports of body wave anomalies are less common. However, since body
waves are ouserved from only a small part of the focal spaere and
may be strongly affected by trave) path effects, body wave anomaiies
will generally be difficult to detect. A claar body wave ancmaly
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was ccs.rved from the explusion PILSDPIVER, however. In order to
estimate what Xinds of nomalies @y bC expectes in  Soviet
explosions, *1e have cunstructed a model oi the prestrass 7921d which
could explain the PILEDRIVE? auomaiies.

The aaplasici PILEDRIVER wad three anomdlous f{zitures. 7%
generated large lLove waves, the Ravleigh waves had 2 proncunsed
radiation pattern with polarit; raversals to the Northeast, any Zhe
vod waves were gieatly rceduced in amplitude at stations to tho
Northeast. we can explain thase facts simultaneously by assuming &
strong compressional stress concentraticn to the Xertheast of the
i explosion, A nurber of different topes of stress fialas could
3 explair these observations, but 1t must be congcentrated tn the
Nertheass with ¢ meximum stress of Jdbout a xilebar. Rayleigh weve
reversals are caused by an inward mo*ion (parallei to the surface)
- in tnis direction. Small body wave 2mpiitudes occur nezr a node in
oA the body wave rad.qties pattern, There are other sossible
explaraticns fo, *he PILEDRIVER cody wave ancmalias. Hagdley and
Hart{1979) for esamf'e, sugjested :nat the deap structure of the
- climax slock was resconsible. The very large surfice wave ancmaliss
observed from this explosion, nowever, suggest the presence of 2
large tactonic stress field which coulc affect the bdbedy waves as
well. Furthermore, recent siress measurements in the ¢limex granite -
{heuze, et al., 1¥80) fiund the noubydrostetic strecses to be large
and irighiy varable.

=

Teclonmic strawn release is ore cif the few zecnanisas which 3%
* expliain Rayleigh weve resersaiz. Masze (19€1) reviews a number of
hypotheses whicn have Jeen made fe~ this ad otuer surface wave
anomalfes. A common explanation nas 2ean tnat the reversals are
caused by spall slapdown following the wcsplosion. However, Day,
< Rimes and cherry (1681}, show that if mowentum is to be conserved,
then spall cannot cause Rayleigh wave raversals and that spall has
only minimai effects on surface wave ampiitudes at 9sricdz longav
than ten seconds. Similar problems arise with other passive
1] mechanisms for producing Rayleigh wave reversals.
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These results have import: ¢ consequences for yield estimation
ang  earthquake-explosion discrimination. It is possible for
Rayleigh wave reversals to cccur without affecting hody wave
ampiitudes; however, the presence of surface wave anomalies
wicreases the possibiility of oody wave anomalies. This introduces
a oias into yield estimates which may be difficult to remove. Bady
Aaves may be amplified or reduced, or both, (at different receiving
stations} by tectenic release although this effect s reduced to
some extent by the fact that the explosion body wave and tectonic
body wave are not exactly in gphasa, and so will not cancel
completely at high frequencies. Ciearly fc is important to have as
oroad a coverage of the focal sphere as possible. In the case of
PILEDRIVER, strong reductions in body wave amplitudes cocurred over
a limited range of azimutns, but our models show only 2 small effect
on body wave ampiitudes in other directions. This highly
directional behavior is characteristic of stress concentrations.

A practical method for removing the effects of tectonic
release would be to apply modern inversa theory techniques o the
body and surface waves simultaneously. Cur expansion in multipoiar
coefficients lends 1tself well to this type of analysis. In effect,
this procedura would be an automated versior. oY the trial and error
method used here for PILEDRIVER whicn would consider all possible
stress fields simultane u-ly. It should aiso be superior to
commonly used moment L inversion schemes since we have an
estimate of the frequency dependenne c¢f the composite source and are
not restricted to a monopole plus double couple source.

The effect of tectonic release on discriminstion is not as
severe in most cases as the effect on yfeld estimates, especiaily if
coverage is  good. Although  tectonic release adds an
"earthquake-1ixe" radiation pattern and reduces ™ {and "s) in
certain directions, the general effect is to add energy to the
explosion body and surface waves. Since the explosior and tectonic
body waves are mere nearly in phase at longer periods, destructive
interference will reduce the long period amplitude relative to the
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short period anplitude. Furthermore, inhomogeneous prestress fields
preferentially add high frequency energy whicn tends to increase the
corner frequency. Since discriminaticn methods based on spectral
analysis such as the Variable Frequency Magnitude method (e.g.,
Savino, Archambeav and Masso, 1980) compare a 1low frequency
amplitude with a high frequency amplitude, both of these effects
improve discrimination. Nevertheless, tectonic reiease can cause
discrimination problems in some cases. Tensile stress fields, for
example, may increase M significantly while 1leaving )

s
unchanged, thus causing a more “earthquake-like® event.

It should be emphasized that i1n this report we have considersd
only tectonic release as the cause of anomalous radiation from
expiosions. We have done this in order to determine the nature and
size of prestress fields necessary to cause the observed ancmalies,
not to rule out all other explanations. It {s possible, for
example, that the Raylefgh wave reversals from PILEDRIVER were due
to tectonic release in a uniform stress field whiie the body wave
anomaly was caused by a structurai feature. 8o wave arcmalies, in
general, do require much higher stresses than surtacc wave anomalfes
and uniform stress fields wiil not strongly af-ect body waves,
Nevertheless, we find nothing inconsistent with iie hypothesis that
stress concentrations may exist and cause variatisns in boc‘ly wave
amplitudes such as those observed from PILEDRIVER. This must
therefore be considered as a possible source c¢° bias in yield
estimates.
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I1. A MODEL FOR SEISMIC RADIATION FROM AN EXPLOSION
IN A PRESTRESSED MEDIUM

Almost ail nuclear explosions generate some “anomalous”
radiation in the form of Love waves and nonfisotropic Rayleigh waves
(e.9. Toksoz and Kehrer, 1972). In some cases, however, the
anor2lous effects can de very large and actually dominate the
e obser.<.fons. There are o number of possible explanations for this
including release of tectonic prestress, anisctrupy of the medium,
aonsphericity o the sourie, near source sclttering, sliopage on
3J0ints and faults, and induced eartnquakes. An excelient review of
the suvject can ze found in a recent paper b, Masse {1581). A1} of
tnese mecnanisms will cause the generation of some shear waves and
rause non’sotropic radiation patterns., It is difficuit, howsver, to
expiain the large anomalies of FILEDRIVER and otner expiosicns in
whichn hC Rayleigh waves actually reverse polarity. Since tha
*anomalous* source wust actually exceed the dircct source &t long
pericds, it seems unlikely to result from a passive effect such a3
" 4 scattering or siippage on joints and faults. Tectonic release can
3 explain Rayleigh wave reversals since 1t adds energy o0 the
7 expigsion from energy stored in the e.rth.

P

W s

PPN

Suohat

(4

2 Hadley and Hart (1379) opointed oyt that the body waves from
_ PILEDRIVER «cre anomalous as well as the surface waves. In
particular, the ampiitudes were greatly raduced at observation
points {0 tne  Northeast. Tectonic ralease from  stress
concantrations can ciuse this kind of variazion in the body waves.

we use the folicwing modei for corputing bdady and surface
waves from an explosian fn a prestrassad medium. For the explosiun,
we consider twxo models. The first is the empirical model ~f Mueller
and Murphy (1971} in which the explicsion 1s described ty & pressure
¢ pulse of the fonn:

~at
P(t) = (Poe * Poc) H(t)
applied at tne elastic radius {the pofnt beyend which motlon ie

» elastic). Tre constants Po, EN Pec are determined emvirically
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(13

and are functions of yield, material properties and source deptn.
For PILEDRIVEK with a yield of 60 kilotons and a depth of 470 meters
in granite, these constants are Po = 130 bars, Poc = 30 bars,
an 15 sec"l. The elastic radius is 725 meters. In the second
source model, a finite difference calculation is performed for the
explosion to determine the reduced velocity potential which is then
used to synthesize body and surface waves (Model No. 469 from Bache,
Barker, Rfimer, and Cherry, 1680). The elastic radius for the
PILEDRIVER finite difference calculation is 870 meters.

The seismic radiation from tectomic release is modeled using
tne solution of Stevens (1980) for the sudden creation of a
spherical cavity in a prestressed medium. This solution is reviewed
in Appendix 1. B8y ®cavity® we mean a region in which all material
strength is lost. The density may ramain constant. A problem with
this model {s how to determine the effective cavity radius.
Tectonic stress will be released thoughout a regfon in which 2
substantial amount of cracking occurs. This region will be
considerably larger than the explosion cavity. On the other hand,
it must be s~aller than the elastic radius. For the purposes of
this study, we take the effective “cavity radius" to be equal to the
elastic radius. The numbers we find will therefore be the lower
Timit of tne actual prestress field. A smaller cavity radius will
require a larger prestress field for the same effect. Tha scaling
relations are derived in Appendix 4. It is approximately true that
the generation of seismic waves varies as the product ¢f the stress
field and the cube of tha radius. A factor of two decrease in
radius requires a factor of eight fncrease in stress field to
produce seismic waves of the same amplitude. This s not
necessarily true for budy waves, hcwever, bscause of the complexity
of tne spectrum at short periods.

We can solve for the seismic radiation from a prestressed
snatter zone for any prestress field (in a uniform whole space) by
performing an expansion of the field in vector spherical harmenics.
in Appendix 2 we derive the expansions for all uniform stress fields
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and for two types of stress concentrations -- 2 point center of
compression and a point (static) disiocation.

We can make synthetic body waves and surface waves from these
complex sources by reducing the vector solutions to scalar
s potentials. This conversion is given in Appendix 3. The potential
sclutions can be expanded in cylindrical potentials and incorporated
i layered space codes using the method of Bache and Harkrider
{1976) for body waves, and the method of Harkrider and Archambeau
{1982) and Harkrider (1964) for surface waves.

Bache (1976) dia a study of the effects of tectonic reiease on
P-waves using the theory of Archambeau (1972) for the tectonic
4 source. He concluded that tectonic release has a negligible effect
z on the body waves. Archambeau's theory was vaiid only for uniform

stress fields, however. Using this model, Bache concluded that

tectonic release could not have a significant effect on body waves

f without generating much larger surface waves than are observed and

g without assuming much higher stresses than seemed reascnable, The

H situation changes, however, when inhomogeneous stress fields and

45 stress concentrations are considered. The following anmalysis will

snow tnat concentrated prestress fields can affect body waves more

than surface waves. It is still true that stresses must be iarge,
but they need only be large locally.

As snown in Appendix 1, the displacement field for the
tectonic source can always be written in the form:

I A A AT G

» 2
2 o) = 2 T opgled Higlen) * ale) Nplen)

iy, 4 £l
2Bt 16

+ vpgle) bypla.x)

The coefficents Ym %m0 Vg depend on the cavity size and
type of prestress. The eigrenvectors ﬁin' Nps Ly Tepresent
toroidal, spheroidal shear, and spheroidal compressional waves
raspectively. In the far field these vectors become:
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’ g (0rx) = 141 E,(B-!—Jz(zﬂ Sn (00 )

N, (w5 x} = i T—E'ikar £z +1) 8, (e, 8)
.zm ¥ . gr -m k]

(w. x) « 8 ‘K“' (o, 9)

where the vectors -Ei,m’ ﬁzm' ,g&m are defined in Appendix 1 and
depend only on the observation coordinates e, 6.

g

3 The far field displacement spectrum therefore consists of sums
E of terms of the form alm(u)lu. Sm(u)/u, ym(u)/u multiplied
by angular and propagation facters, At high frequencies the spectra
14 all fall off as « °. At lov frequencies, the function MO
falls off as u’"l. The functions Bm(u)lu, ym(w)/u are
combinations of two functions which fall off as » and u"'z at low
frequencies. Thus for £> 2 all coefficients vanish in the limit
w » 0. At sufficiently low frequencies, any scurce must therefore
- look 1ike a monopoie plus a quadrupole. No matter how complex the

source, the long periad surface waves must look very nearly like an
explosion plus a double couple.

Tk S DR

>
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For uniform stress fields, only 2a2 and L»0 terms exist. For
nonuniform stress fields, howaver, the higher order terms exist.
These terms vanish at low frequencies and peak at higher frequency
with increasing 2. The frequency of the peak is given 2pproximately
by me = 2V/2¢R for SH waves and by (2+1)V/2sR and (2-1)V/2:R for
the twc P-SV waves mentioned before where V is the appropriate wave
- f ' velocity. Inhomogenecus stress fields can therefore cause much
-; larger variations fn the body waves than in the surface waves,
L especially for 1large explosions. Higher order terms will be

important  when  V/2«R ¢ fo vhere fo is the dominant
X frequency of the recording instrument. For PILEQRIVER, this ratio
fj is about 1 Hz. In addition to adding high frequency energy, the
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higher order multipoles have a more complicated variation with angle
so inhomogeneous stress fields can give highly directional
variations in body waves,

In Appendix 2 we derive the muitipole coefficients for two
types of stress concentrations. In the following section we will
campute synthetic seismograms and body and surface wave radiation
patterns using these sources. As a general rule, if one part of the
"cavity® 1s more highly prestressed than another, larger amplitude
tectonic body waves will be generated in the diraction of the higher
prestress. Depending on the sign of the prestress, the explosion
body waves will be either amplified or reduced in this direction.
Surface waves, onm the other hand, will be sensitive only to the
average stress field on the surface.
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»
: : 1II. THE EFFECTS OF HOMOGENEQUS AND INHOMOGENEQUS PRESTRESS
Y FIELDS ON SURFACE AND BODY WAVES
i
! In this section we make a quantitative comparisen of the
effects of different types of prestress fields on body and surface
. waves. We have synthesized seismograms from a number of different

prestress fields and made amplitude comparisons and radiation
patterns for each.

Qur purpose in this section is to make estimates of the effect
< ' of tectonic release and the magnitude of the prestress necessary to
cause significant changes to the explosion seismic waves. We have
used earth models appropriate for PILEDRIVER in all our calcula-
tions. The rasults, however, are not very sensitive to the
structure and should be appiicable to most regions of the earth.
The structures used are given in Tables 3.1 and 3.2. For the body
waves, the source region is a PILEDRIVER ciimax stock model ({after
N Bache et. al,, 1975). The receiver structure is a standard Eastern
3 United States receiver structure., For surface waves, we used the
' PILEDRIVER structure over the Eastern United States mode! S1 of
Bache, Swanger and Shkoller (1980). The body wave calculation used
t* = 0.8, The body wave synthetics were made using a WWSSN short
, \ period 1nstrument response. The upgoing bady waves were reduced by
half to account 2pproximately for near surface attenuation at one
hertz. The surface wave synthetics were made through an LRSM long
period instrument. Ali synthetics were made using 2 cavity radius
equal to the Mueller-Murphy elastic radius of 725 meters. This is
somewhat smaller than the finite difference elastic radius of 870
\ meters. The receiver point was taken to be at a distance of 4000
kilometers. This requires a takeoff angle of 28 degrees for the
body waves. The Rayleigh and Love wave synthetics include only the
fundamental mode.
\

roy
£ty LT SR SRR TSN SO ¥ X
L 4

Synthetic seismograms for the explosion source are shown in

\ Figure 3.1. In this and the following figures, the body waves are
normalized to the amplitude of the Mueller-Murpny explesion body
wave. Surface (Rayleigh and Love) waves are ncrmalized to the

14
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TABLE 3.1 ;
CRUSTAL MODELS FOR BODY WAVE CALCULATIONS
Depth (Xm) Thickness a 3 0
(Xm) (Km/sec) (Km /sec) {gn/cmd) .
SOURCE REGION
.05 .05 1.50 1.00 1.50
.10 .05 4.50 2.65 2.55
2.00 1.90 5.33 3.15 2.67
4.00 2.00 5.90 3.25 2.70
@ @ 6.00 3.30 2.80 ]
RECEIVER REGION
.6 .6 3.70 2.16 2.10
2.6 2.0 4.55 2.54 2.20 4
4.0 1.4 5.60 3.14 2.65 4
5.0 1.0 6.00 3.30 2.80 ‘
i
15 3
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TABLE 3.2
CRUSTAL MODEL FOR SURFACE WAVE CALCULATIONS
3
; Depth Thickness a 5 ° 9
; .05 .05 1.5 1.0 1.5 10
L .10 .05 4.5 2.65 2.55 20
; i 2.00 1.90 5.33 3.15 2.67 200
1 4.00 2.00 5.90 3.25 2.70 300
; 6.20 2.20 6.10 3.30 2.85 400
3 13.20 7.00 6.30 3.40 2.94 1200
g s 19.00 5.80 6.40  3.45  3.00 1500
b 35.00 16.00 6.60 .60 3.09 2000
3
. ° = 8.10 4.50 3.35 2000
E:
E:
s
. i -
‘
4
j: .
i
i
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K
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Mueller-Murphy Body Wave
il
YA
|
‘!
TR EE R T LR AN ]
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3 s Finite Difference Body Wave
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2 » ‘ v
: 2.3 siiisiiiiidadlasavaes
‘, Py Time (sec) 3
3 Mueller-Murphy Rayleigh Wave
)
t E:
3 4 1.0 b
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3 Time (sec)
s
E 4 Explosion Synthetic Seismograms

$
RN

figure 3.1. Synthetic seismograms for explosion sources without tectonic
release. Top is Mueller-Murphy empirical body wave scurce
synthetic. Middle is body wave from Finite Diffarence Cal-
i culation of reduced velocity potential. Bottom is synthetic
Rayleigh wave from the Mueller-Murphy source.
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Muelier-¥urphy Rayleigh wave. For comparison, the finite diffarence
body waves dare shown. They are similar in shape with a slightly
larger overshoot at the end because of the higher frequency content
in the finite differance scurce. The body wave amplitude is greater
by a factor of 2.3, The surface waves are identical in shape, but

% s lower in amplitude by a factor of 0.8.
8 i
K i
i 1
5 : 3.1  HOMOGENEOUS STRESS FIELDS
. !
2 | We first want to show the effects of tectonic release from
< explosions in spatially uniform stress fields with different

orientations. Figure 3.2 shows the body and surface wave synthetic
seismograms for a uniform 92 stress field of one bar in which a
E spherical cavity is suddenly formed. The radiation pattern from
' i this source 1s equivalent to a strike slip double couple {with a
E strike of -90°}. The body waves are very similar to the boay waves
from the explosfon. The main difference is a slight broadening of
the waveform {and a change in sign at this azimuthj. The surface
waves in thase and all of the following examples except for the
sy3 stress field are t{dentical except for changes in sign. The
sources are small enough that the surface waves seen through a long
pericd {astrument are insensitive to source properties otner than
the seismic moment.

'
.~ Figures 3.4 to 3.7 sncw tne body and surface wave radiation
i patterns for a number of different uniform stress fields. The

’ ~. coordinates used are shown in Figure 3.3. The results are
5 ‘ summarized n Table 3.3. The numbers shown are the amplitudes

z relative to the Mueller-Murphy PILEDRIVER source for & unit
s prestress, The shaded regions are the regions where the sign of the

%_. wave is reversed relative to the explosion. For surface waves, this

|2 c is & well-defined region. For body waves, it is less well-defined
since the waveforms can vary in shape as well as in sign, especially
. near nodes,

. The 92 (Figure 3.4) stress field causes a four lobed
3 c pattern of body and surface waves. This stress field is much more
i efficient at generating surface waves than body waves. (Body waves

18
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.3 \ Body Wave
2.3x 10 |
i
' ]
sl a
3 \ —
j by
3 T
-2.3x 10 Slidididriadhiadagsrias
|
3 Time (sec)
5 , Rayleigh Wave
' L
: 2.4 x 1070
; k4 X
- | 24%x1027 5 @ & A e e e v e 1
"3 ! Time {sec) é
: , €
- ! ¢
4 i Lovae Wave
| 5.9 x 1072
E |
ks H el
. 3 ]‘ 9 Af
. S
3 e
5.9 x .lo-Z 3 = Y ™ " 15 . e »0
5 Time (sec)
g C o) (Strike SHip) Synthetic Seismograms
Figure 3.2, Synthetic seismograms from tectonic release in a Gy, Stress
© A fleld, The three seismograms are the P-wava, Raylezlghwave
: and Love wave respectively. The shape of the Rayleigh and
Love waves is nearly independent of the source and is very
similar for all of the following examples.
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TABLE 3.3

800Y AND SURFACE WAVE AMPLITUDES FOR
EXPLOSIONS AND HOMOGENEOUS STRESS FIELDS

Source Type P {28° takeoff) Rayleigh

EXPLOSION
Mueller-Murpny (R=725m)

Finite Difference (R=870m)

UNIFORM STRESS FIELDS (oars) R=725m

92 " 1 (strike slip)

- *
033 = [ Iil = -t

(45° Thrust)

9 = -1 {Unfaxial)

a3 " 1 (vertical Dip Slip)

% " -1 Oz * -1, 933 * 2
\cylindrical)
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% = 1 Bar

Strike Siip Equivalent

Maximum Amplitudes:

= |
¢ 4 Body = ,0023
E Rayleigh = 02
B Love = 059
! N
;,
\ _~, v
. L
:
E «

"’*-.

RAYLEIGH WAVE LOVE WAVE

Figure 3.4, Radiation patterns for body and surface wavas for a ¢
uniform prestress figld., Shaded arsas indicate wlar]%y
opposite totha explosion in this and follewing fiqures.
Anplitudes are relative to the Mueiler-Murphy explosion
source. Love and Rayleigh wave amplitudes are rormalized
to the explosicn Rayleigh wave, BRody waves ara caiculated
at one hartz and have a 28 degree takeoff angle. Surface
wave a=mplitudes are computad at 20 seconds.
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45° Thrust Equivaient
Maximum Ampiitudes:
Sody = 0067
Rayleigh = .031

Love .029

Lyingunried

RAYLEIGH HAVE

MR

LOVE WAVE

Figure 3.5. Radiation patterns for dy3 * = 0yy uniform prestress field.
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Figure 3.6, Radiation patterns for uniaxial (cn) compression,
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? H Vertical Dip S1ip Equivalent . ‘é,zg‘ L ;
Maximm Amplitudes : )
. Body = .0094
: Rayleigh = ,0012 ]
Love = 0010 :
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E | e
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Figure 3.7. Radiation patterns for %3 uniform prestress field. :
.4

25




[ 4]

are observed near a node in the radiation pattern). The Rayleigh
waves will be equal to the explosion Rayleigh waves with a prestress
of 42 bars. Thus, Rayleigh waves will be phase reversed when the
prestress exceeds 42 bars. Love waves will have more than twice the
amplitude of the Rayleigh waves. Body waves, on the other hand,
will equal the explosion body waves with a much higher prestress of
440 bars.

Figure 3.5 shows the body and surface wave radiation patterns
for a stress field of 9y = - 1, 933 = 1. This is equivalent to
a2 45 degrea thrust fault (radfation pattern). This stress
orientation is somewhat more efficient at generating body vaves. It
still requires a stress of 150 bars, however, to equal the explosion
body wave. The explosion body waves are ampliffed at all azimutns.
The tectonic Rayleigh waves are very large for this orientation,
requiring a stress field of only 32 bars to equal the explosion
Rayleigh wave. The Rayleigh waves are reversed at all azimuths for
this stress field. Llove waves, again, have a four-lobed pattern and
have about the same amplitude es the Rayieigh waves.

Figure 3.6 shows the radiation pattern for uniaxial
compression (°11 = -1j. This is similar to the 45 degr2e thrust
orientation except for the lack of the vertical tensile component.
The equivalent source is a 45 degree thrust plus an isotropic
compression. This stress field causes a reduction in the body waves
and a reduction (or reversal) of the Rayleigh waves at all
azimuths. Again, the change in body waves s fairly smail,
requiring 325 bars to equa! the ezplosfon. Rayleigh wave reve-sals
require a prestress about 40 bars and Leve waves are about the same
amplitude as Rayleigh waves. It would be difficult to distinguish
these two cases observationally.

Figure 3,7 shows the radiation patterns for a 93 stress
fiald. This is equivaient to a vertical dip slip doudbie couple.
This orientation generates very small Love and Rayleigh waves with
different frequency content than the other stress orientations. It
is, however, a fairly good generator of body waves, requiring about
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100 bars to equal the explosion P wave. The body waves have two
lobes causing amplification in half the directions and reduction in
the rest. This type of stress field can have an unpredictable
effect on Mg ratios. Depending on the direction of the
observation points, it could cause either an increase or a decrease
in ™ without affecting Ms‘ The body wave generation of the dip
slip and 45 degree thrust grestress orientations is a fairly strong
function of takeoff angle varying as sin 2¢ for the vertical dip
siip and cos 2e¢ for the 45 degree thrust. The amplitudes become
equal at 9 = 22.5 degrees. )

I

Because of the boundary condition of vanishing shear and
o normal tractions at the free surfsce, uniform %43 and 933 stress
fields cannot exist; so the examples for “vertical dip slip* and "45
degree thrust" orientations are not physically possible. These may
exist, however, as the lowest order terms of an inhomogeneous stress
field. The radiation from tectonic release will than lock like the
radiation from one of these "forbidden” homogeneous prestress fields
T at sufficiently long pericds. Aiso, an apparent 933 stress field
e appears when the iJsotropic component is subtracted out from a
: uniaxial or cylindrically symmetric stress field.

s s

1 c 3.2 INHOMOGENEOUS STRESS FIELDS

We next want to demonstrate the effects of stress concentra-
tions on body and surface wave radation patterns. The results are
summarized in Table 3.4. The body wave radiation patterns are for a
frequency of one hertz and are for far field infinite spa-2 (no
reflections) P-Waves. The surface wave radtation patterns are for
20 second Love and Rayleigh waves.

As our first example of a stress concentration, we use a
fairly simple source -- 2 center of compression located one radius
from the surface of the explasion shatter zone (Figure 3.8). The
affect of this stress concentration is to cause a highly stressed
region on a small part of the cavity surface. For the examle
chosen, the stress field is eight times larger at the surface of the

27
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i TABLE 3.4
BODY AND SURFACE WAVE AMPLITUDES
3 FOR IHHOMOGEKEQOUS STRESS FIELDS
3 K
-3 Angle - Stress . P Rayleigh Love
Concentration to Down Polarity
" 3 . Center of Compression 1 ! 1
: S s L1 106
B 30° - {1s0°, 30°] none
. + none an
3
3 1 1 1
£ 104 76 46
1 , - (190", 350" ([s80*, 120"]
k: 45°
4 £ + [so*, 100°] [(-60°, 60°}
: 2
g | 1 1 1
T 152 3 3T
‘ - . - r 3 .
q c 60° [220°, 320°] ([457, 135 1
+ {o’, 180°] =45, 45°}
1 i i
163 37 27
90° - none {30°, 150°]
+ atl (-30°, 30%]
Vertical Dip Slip 1 1 1
Dislocation 183 K 8
- an f4c°, 140°]
45°
+ none {-40°, 40°]
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Figure 3.8. Location of stress concentration in examples.

29

SYSTEME. SCIENCE AND SOFTWARSL

L erens T
- AL :»‘_‘. \rf(,‘,(?;h')":‘g’l‘

s
N .x e




cavity in the direction of the stress concentration than at the
4 center. The stress field falls off with the cube of the distance
from the center of compression. All of the examples are normalized
to a stress of 1 bar at the cavity center.

i The radiation patterns are quite sensitive to the location of
the stress concentration; so we show a sequence of figures with
' radiation patterns from stress concentrations at different depths.
3 Again, the shaded areas indicate reversal with respect to the
¥ explosion polarity. For body waves, as mentioned before, this is
4 t " only approximate since both the phase and amplitude of the waves
3 vary with angle. If the stress concentration is directly under the
expicsion, then the radiation is azimuthally symmetric. The body
waves are all decreased 1n ampiitude, the Rayleigh waves are

L increased in amplitude, and no Love waves are generated.

e

PRTY

Figure 3.9 shows the body and surface wave radiation patterns
for a stress concentration located 30 degrees from down (at an
azimuth of minus 90 degrees on the figure). The tectonic body waves
are reversed in polarity relative to the explosion at almost all
azymiths, but the amplitude is much greater in the direction of the
3 stress concentration than in other directions. The effect of this
stress field when added to the explosion is to selectively reduce
(& the body waves in this direction. It is also a good generator of
body waves relative to surface waves. Ninety bars (at the center,
720 maximum) is required to cancel the explosion body wave although
small phase differences forbid exact cancellation. Rayleigh waves
would be amplified at all azimuths by this stress field. It is a
better generator of Rayleigh waves than of Love waves.
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Figure 3.10 shows the radiation patterns for a stress

concentration 4S5 degrees from down. Again, the body wavas are

€ substantially reduced in the direction of the stress concentration.

The Rayleigh waves are amplified in mast directions; however, for a

narrow range of azimuths in the direction of the stress

concentration (and in the opposite direction), the Rayleigh waves

s are reversed, This stress field also generates large ampliitude Love
waves,
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Stress Concentration at 30°

Maximum Ampiitudes
Body z 0N
Rayleigh = 015

Love 010
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Figure 3.9. Radiation patterns for tectonic release from a stress con~
centration located 30° from down.
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Stress Concentration at 45°

Maximum Amplitudes

Body = 010
Rayleigh = 013

Love .022

RAYLEIGH WAVE LOVE WAVE

Figure 3.10. Radiation patterns from a stress concentration at 45°,
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Figure 3.11 shows the radiation pattern for a stress
concentration located 60 degrees from down. This configuration
still causes a body wave reduction 1n the direction of the stress
concentration. It is less efficient than the previcus examples,

nowever, and directions away from the stress concentration see an
4 ampiification of the bcdy waves. There is a large region in which
Rayleigh waves are reversed. At some azimuths, they are amplified.

Figure 3.12 shows the radiation patterns for a stress

concentration at 90 degrees at the same depth as the center of the

< cavity. Now body waves are amplified at all azimuths. Rayleigh
: waves are raversed at all but a narrow range of azimuths. This
4 stress field is a relatively efficient generator of Love and

R Rayleigh waves.

: Figure 3.13 shows synthetic seismograms at three observation
' points — azimuths of minus 90, 0, and 90 degrees with a center of
i compression at an azimuth of minus SO degrees and 45 degrees from

down (radiation pattern of Figure 3.10). At minus 90 degrees, the
E tectonic body wave has almost the same shape as the explosion and
E: will therefore tend to reduce the body wave. At 90 degrees, the
f wave 1s amplified. At O degrees, the waveform is more complax and

8 . does not clearly increase or decrease the explosion body wave.
. ¢ As a second example of a stress concentration, we use a point
1 static dislccation located two radii from the cavity center. The
4 dislocation is located at an azimuth of minus 90 degrees as with tu.
center of compression examples. It has « vertical dip slip
3 ¢ orientation and is located 45 degrees from down, The explosisn then
b is in a compressive quadrant of tha dcuble couple radiation
:{ pattern. Again, the stress field falls off with the cube of the
E ¢istance. The radiatfon patterns for this source are shown in
g £ Figure 3.14. The radiation resembles that of the center of
& compression. It is slightly more efficiant at generating surface
waves and slightly less efficient at generating body waves than the
‘ center of compression. The dislocation at 45 degrees has radiation
3 F 3 patterns and amplfitudes much like the center of compression at 60
degrees.
i
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Figure 7 12. Radiation patterns from a stress concentration at 30°,
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Figure 3.13. Synthetic body wave seismograms at different azimuths. The
stress concentration is located 45 from down at ¢ = « 90°,

The wave forms changs in shape with azim:th and reduce the
body wave in the direction of the stress concentration,
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In the preceding axample, notice that the stress field was
cauysed by a vertical dip sliip dislocation, buc the radiation
generated by tectonic release in this stress field is very different
from that found previoysly for a “vertical dip s1ip* homogeneous 3
prestress field, It i3, n fact, very efficient at generating
surface waves and has much the same effect as the stress field of
the point center of compressiun.

It is clrar from these examples that the relitive effects of =
stress concentrations on body and surface waves is highly depsndent -
on the iocation of the strass concentration. The body waves can
have compliex radiation patterns -— patterns which could not occur
with a simple double couple source. It s approximately true that
the generation of bocy waves is a function of the distance from the
stress concentration %o the surface of the cavity (shatter zone)
while the generation of surface waves is a furction of the the
distance from tne stress concentration to the center of the cavity.
The effect on bedy waves will therelore be stronger compared to the
effect on surface waves if the stress coencentration is moved closer :
to the explosion. This {s espgcially true for large explosions. As E
pointed out in the last section, the higher order multipolqs add in
se1smic energy at and above the corner frequency. [f the corner

frequency is much higher than the observation frequency, these
effects will not be cbserved, At frequencies higher than the corner -
frequency, these effzcts will be very inportant. The effect on

surface waves will usually be indistinguishable from a quadrupole 2
plus 1sotropic source. Body waves will generally be increased in
directions corresponding to tensile stresses on the sohere and :
decreased in directions of compressive strass on the sphere.  The ‘
stresses necessary are higher than the stresses for uniform stress :
fieids for Dody waves of the same amplitude, For exampie, with a -
center of compression at 45 degrees from down, it rsquires a maxfmum
stress of 800 bars to equal the explosfon body wave compare” to 200
bars for a "45 degree thrust" stress orientation. i3 region of

high stress is quite small, hewevar, and decresses by a factor of 27 3
across the cavity, K
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IV, A TECTONIC SOURCE MODEL FOR PILECRIVER

The explesion PILEDRIVER emitted highly anisotropic surface
waves and body waves. Toksoz and Kenrer (1972) «ere able to match

the Rayleigh wave radiation patterns with the superposition of 2
i strike~slip double couple. In their mogel, the ampiitude of the
’ Rayleigr waves created by the doubie couple exceeded those of the
explosion by a factor of 3.2. This number can be reduced by using a
different orientation of the double couple such as a 45 degree
thrust orfentation, but it is still a very large effect. The
observed Rayleigh wave polarity was reversed at azimuths to the

"

Northeast.
&
. 4 Hadley and Hart {1979) compared the tody wavas from PILEDRIVER
4 with the body waves from the explosion JORUM and found a substantial
;. variation in the amplitude of the body waves with stakion azimuth.

9 In particular, the body waves in the Northaasterly directions were
A reduced by as much as a factor of six. Table 4.1 shows the body
wave amplitude data for JORUM and PILDERIVER and the ratio of the
arplitudes scaled with the cube root of the yields. The data is

“ 3 from two Sierra Geophysics reports (Hadlay, 1979, and Hadiey and
2 , Hart, 1979).

e
-

4 The fact that the Rayleigh wave reversals are in the same
N direction as the body wave anomaly suggests that they both have the
same cause. The purpose of this analysis is to assume that the
anomalies are due to tectonic reiease and to s2e what megnitudes and
[ orientations of stress fields are necessary to match the )
observations. The sciution is not unique, but there are some strong
;. cgnstraints on tha problem. Since the body wave variation is large,
the prestress field cannot be too efficfent at creating surface
waves relative to body waves. A “strike-siip* (°12) prestrass, "
for example, would generate very large surface waves withsut
s substantially affecting the body waves. A second constraiat is that
iy the Rayieigh waves are reversed and the body waves are reduced in
c the same direction, This means that the prestress must be
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£ TABLE 4.1
£
% BODY WAYE AMPLITUDES FOR EXPLOSIONS PILEDRIVER AND JGRUM
k3
g . Station Distance Azimuth J-Amp P-Amp  Scaled PILEDRIVER
g {degrees) (degrees) {my) (mu) JORUM
g |- scp 30.0 .2 83 69 .218
T 060 2.4 70.0 745 46 .158
& 1. coL 33.2 336.1 1074 343 .816
N ES 4.7 67.0 463 34 .186
E | KIP 39.9 258.7 1097 548 1.28
e |9 K16 56.8 23.7 s 9l .391
N | AU 59.9 28.3 365 ol .637
¥ | ANA 61.6 1348 42 n 1.04
x| ARE §8.2 133.1 1268 446 .898
i - ToL 81.3 6.0 685 5l .339
: ST 81.7 2.9 51 69 .702
SHK 83.9 9.1 88 114 .335.
NAT 86.1 9.8 & 183 .853
a0
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compressive over a large part of the focal sphere in the
Northeasterly direction. A "45 degree thrust® stress field, for
example, causes a vreduction in the surface waves but an
amplification of the body waves., In fact, the only “fault-like*
uniform stress field which could satisfy these conditions is a
"/ “strike-slip* strass field criented approximately North-3outh with a
compressive lobe to the MNortheast and then rotated down to the
Northeast so that there is a larger effect on tne body waves.

v

owin

There is no reason to restrict ourselvas to uniform stress
3 5 b fields. 1In fact, the stress field almost certainly increases with
- depth. The major observational restriction is that the stress field
\ 3 ! be large and compressive to the Northeast. We will therefore try to

: match the body and surface waves with a stress concentration in the
' [ ] lower Northeast quadrant. From the figures 3.9 to 3.14 the location
N of the comprassional stress concentration can be determined. If the
. stress concentration is located too low (0-45 degrees from down)
then there is a iarge effect on the body waves, but an actual
amplification of the surfasze waves and no significant Rayieigh wave
reversal. If the stress concentration is at the same depth as the
center of the cavity (90 degrees from down), then tha Rayleigh waves
can be reversed, but there is no reduction in the body waves. At 60
e degreas, nowever, the effect 1s right. The negative Rayleigh wave
lobe §s large enough to cause 2 reversal when superimposed on the
explosion source. B8ody waves are reducad preferentially in the
Northeasterly directifon. The best linear combination with the
Mueiler-Murphv explosion source is a center of compression at 60
degrees from down at an azimuth of 35 degrees frem North with a 200
g bar stress field at the cavity center. This leads to a maximum
4 prestress of 1.6 kilobars on the “cavity" surface.

e

"
T e e e = L

et et

2 ot ppeie

The radiaticn patterns for this source are shown in Figure
4.1. The Rayleigh wave radiation pattern agrees very well with the
data given by Toksdz and Kehrer (1972, p.150). In fact, the match
is better than their fit with a superimposed strize-sliip double
couple.
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’ |
5 Figure 4.1. Radiation patterns for composite PILEDRIVER source. Marks
{E ¢n body wave figure are PILEDRIVER cbservations divided by
JORUM observations.
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Rivers and Von Seggern (1981) did a moment tensor inversion
for the PILEDRIVER source using Rayleigh waves and Love waves
without restricting the "double couple* direction to be
strike-s1ifp. The Love wave radiation patterns for the resulting
source are very similar to the Love wave patterns in Figure 4.1.

e st abmnp bl i
L J

The body waves shown are foer a fraquency of 1 Hertz and a
takeoff angle of 28 cdegrees. The data points shown are the
R . amplitudes .f PILEDRIVER divided by the amplitudes of JORUM at the
stations listad in Table 4.1. The takeoff angles actually vary
; L betwzen 15 degrees and 30 degrees; so the stations farther away
should have a more uniform radiation pattern than is shkown on the
5 figure. Agreement is quite good. The one bad datum {s the low
g reading at station SHK (at azimuth of 310 degrees).

Figure 4.2 shows synthetic seismograms from the composite
3 source along with their reiative amplitudes. The conditions are the
’ same as for the synthetics in the last section except that we used 2
value for t* of 1.05. This value was obtained by Bache, et al.
(1975) for the path from NTS to Alaske. The observed ampliitudes are
close to the syntnetics. The Northeastsrly waveforms are mare
complex due to interference of the explosion and tectonic body
waves. The synthetic ampiitude at 0GD is too large indicating more
complete destructive interference than is in our model.

oA
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Other types of stress concentrations to the Northeast give
similar results. From the calculations in the iast section, a
vertical dip slip dislccation located 45 dagrees from down has
2lmost the same effect as the center of compression at 60 degrees.
Again, with this source we can approximately match the surface and
body waves, The maximum stress on the surface {s about 1.5 kilobars.

b

e g..‘.:u,'.:.wi«-'ﬁ'w R Rt

Sl

As mentioned before, the naximum prestress on the cavity

b surface from point stress concentration is about 1500 bars. In
fact, the stress field does not need to be this large. A somewhat

k. more extended stress field can alsc cause the observed effects.
g Figure 4.3 shows the radiation patterns with 2 stress concentration
: at 45 dagrees from down (maximum stress on cavity 800 bars) at an
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Figure 4,2, Bcdy wave synthetic sefsmograms made using PILEDRIVER
compasite source. The complexity of the source causes a
variation in waveform shape with takeoff angle and azimuth.
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Composite PILEDRIVER
Source

Explosion Plus 100 Bar

Uniaxial 3tress Plus

Stress concent: .tion
at 45°

RAYLEIGH WAVE

LOVE WAVE

Figure 4.3. Radiation patterns from second PILEDRIVER composite source. g
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azimuth of 40 degrees and a uniaxial prestress of 100 bars along the
same azimuth. Again, the agreement {s good, but the maximum stress
field is only about 850 bars.

The crucial condition in this analysis is that the lower
Northeast quadrant be under substantial compressive prestress. The
surface waves are very insensitive to the type of prestress and are
realiy only affected by the monopole and quadrupcle components. The
body waves are more sensitive %o details of the stress field. From
these examples it 1s obvious thal we cannot determine the exact
magnitude of the stress field. To within about a facror of two,
however, the maximum stress should be approximately a kilobar.
Furthermore, the stress needs to be high only lecally and at scme
depth.

In this section we nave demonstrated that the general features
of the explosion PILEDRIVER -~ the Rayleigh wave reversals, large
amplitude Love waves, and asymmetric body wave radiation pattern —
can be explained if there is a comprussive stress concentration of
at least a kilobar to the Northeast of the explosion. We have not
attempted to make a detailed medel of the stress field or to explain
small details of the seismograms. In principle, it should be
possible to perform an inverse calculation to determine the
multipoie coefficients and the {initial prestress field. This
inversion could be done using body waves and surface waves
simultaneously. The problem {is, of course, under-determined since
we have only limited coverage of the focal sphere, but would provide
a method to describe the class of models which fit the data in a
single calculation as oppcsed to using a trial .and error mathod of
forward medeling.
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V. CONCLUSIONS AND RECOMMENDATIONS

Rayleigh wave reversals may be obtained if an explosion occurs
in 2 medium with a prestress greater than about 50 bdars, w#ith the
exact amount depending on the orientation of the stress field,
Y assuming that the effective shatter zone radius is approximately
equal to the elastic radius. The size of the effesctive radiys fs
critical since the long period surface wave aiplftude is propor~
tional to the cube of the =adius. The best way to determine the
3 effective radius {is by performing noniinear calculations of
: explocions 1n prestressed media and comparing it w~ith the linear
3 result (Day, et al., 1981).

' An important fact n light of recent observations is tust the
P Tinear model used here does not produce time delays. Any time
H delays must result from tectonic release over an extended period of

j time. The only way to determine if time delays arc present and the
"- extent of these delays without making ad hoc assumptions fis by

R 2 performing full nonlinear calculations of explosions with tectonic

release using realistic material models.

Surface waves are very insensitive to stress hatercgeneity.
:_§ H Only the average stress field is important for long period Rayleigh
"1 s wave excitation although the orientation of the average stress field
s very important.

Explosions near stress concentrations may have sigmificantly
3 altered body waves. These effects can be strong in some case. and,
in genersl, will be highly directional. Locai stresses of about a
kilobar are required to finfluence the body waves; however, these
strasses nead be this large only lozally and ac depths below the
explosion. The average stress may be much lower than the local
stress fields.

We have used the model for tactonic release to model the
explosion PILEDRIVER. If the body and surface wave anomalies are
due to tectonic release, then the observations require that the
average stress field must be compressive ir the northeast-squthwest
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irection. The boay wave anomaly and surface wave anomaly can bde

explained simultaneously by a stress concentration below and to the
northeast of the explosion.

Tectonic release causes problems for discrimination and yieid
estimation by causing variatisns in survace and tody wave amplitudes
at different locations. The most important step in removing these
problems 1s to have as wide a coverage of stations as possible.
Momant tensor inversion 15 2 good way tc remove the effects 'of
sectonic release; however, 2 cylinarically symmetric stress field
canrot be removed this way using surface waves alone.

SYSTENS. ZCIINGZT 4ND 30FTWANE

~ faia
PRI B

St e

B R
RS




v[. REFERENCES

Aki, K. and Y. Tsai (1572), “The Mechanism of Love Wave Excitation
oy Explosive Sources,* JGR, 77, pp. 1452-1475.

Archambeau, C. 8. (1972), *"The Theory of Stress Wave Radiation from
Explosions in Prestressed Media,” Geophys. J. R. astr. Soc.,
F 28, pp. 329-366.

Bache, T. C. (1976), *“The Effect of Tactonic Release on Explosion
: ?-Wave Signatures,” BSSA, 66, sp. 1441-1457.

S

E Bache, T. C. and 0. G. Harkridsr (1976), "The Rody Waves Due to a
i t General Seismic Source in a Layered Earth Model,* B3SA, 66, pp.
' 1805--1819. -

Bache, 7. C., H. Swanger and 8. Shkoller (1980), *Synthesis of Lg In
Eastarn United States Crustal Models with Frequency Independent
Q," Systems, Science and Software Semi-Annual Technical Report

iy g

» to Advanced Research Projects Agency, $S5-3-81-4668, September,
Bache, T. C., T. G. Barker, T. R. Blake, 0. &. Lambert, J. T.
Cherry, J. M. Savino, and ¥. Rimer (1975), "An Explanation of
.- the Reiative Amplitudes of the Teleseismic Body Waves Generated

by Explosions in Oifferent Test Areas at NTS," Systems, Sciance
and Software Final Report, SSS5-R-76-2746, submitted to Cefense
3 Nuclear Agency, ONA 3958F, Octabor.

b Bache, T. C., T. G. Barker, N. Rimer and J. T. Cherry (1980), *Th
F Centribution of Two ODimensional Source Effects to -the Far
Field Seismic Signatures of Underground MNuclear Explosions,”
Systems, Science and Software Topica! Report to Advanced
Research Projects Agency, SSS-R-8G-4569, July.

[}

Sen-Menahem, A. and J. Singh (1968), *"Eigenvecter Expansions of
Green's Qyads with Application, to Geophysical Theory,*
Geophys. J. R. astr. Scc., 16, op. 417-452.

Cherry, J. T., M. Rimer and W. 0. NWray (1575), "Seismic Coupling
From a HNuclear Explosion: The ODependancz of the Peduced
Displzcement Potential on the Nonlinear Behavior of the Near
Source Rock Environment," Systems, Science and Software
Techaical Report tn Advanced Research Projects Agency,
§55-R-76-2742, Septemder.

Bay, S. M., N. limer, and J. T, Cherry (1381), *Surface Waves from
Underground Explosfons with Spall: Analysis of Elastic and
Nonlinudr Source Models,” Submitted ta BSSA.

49

FYATEME STIENCE AND SOFTWARE

b

G T
Yo 3 ARSI R T L st RO N
S - S 2 I 3




Day, S. M., N. Rimer, J. T. Cherry, and J. L. Stevens (1981}, *The
Shagan River Story (The Effects of Spall and Prestrass on m
and  Mg),* Proceedings of VSC Research Conferance, VELA
Seismological Center Report VSC-TR-82-1, p. 63-6P.

Goforth, T., B. Rafipour, and E. Herrin (1982), “Aromalous Rayleigh
Waves from Nuclezr Ernlosions at the USSR Shagar River Test
» Site,* (to be submitte for publication).

Hadley, 0. M. (1979), "Seismic Source Functions and Attetnation from

Local and Teleseismic Observatfons of NTS Events JORUM and
£ ' Handley," Sierra Geophysics Quarterly Technical faport to
E Advanced Research Projects Agency, SGI-R-7$-002.

; 1 8 Hadley, 0. M. and R. S. Hart (1979), “Seismic Studies of the Nevada
& Test Site,* Sierra Geophysics Quarterly Technical Report to

Advanced Research Projects Agency, SGI-R-79-003, Jure.

Harkrider, ). 6. (1964}, "Surface Waves in Multilayered Elastic
Media I: Rayieigh and Love Waves from 3Buried Sources in a
5 ° Multilayered Elastic Half-Space,” BSSA, 54, pp. 627-679.

Harkrider, D. 6. and C. 8. Archambeau (1982), "Theoreticizl Rayleigh
and Love ¥aves from an Explosion 1in Prestressed Source
Regions,” (in preparacion).

£ e e x o

® Heuze, F. £., W. C. Patrick, R. V. de la Cruz, snd C. F. Voss
3 , (1981), *"In Situ Geomechanics: Climax 3ranite, Nevada Test
- B Site,” Lawrence Livermore Laboratory Report UCRL-53076, April.

Masse, R. P. (1981), -Review of Seismic Source Modelc €or
Underground Nuclear Explosions," BSSA, 71, pp. 1249-1268.

[k ¢4
AN
[ J

Morse, P. M. and H. Feshback {1953), Methods of Theoretical Physics,
McGraw-Hill, New York.

Maeller, R. A. and J. R. Murphy {1971), "Seismic Characteristics of
] Underground Huclear Detcnations,* BSSA, 61, pp. 1675-1692.

s oot .

- 3 Patton, H. T. (1980), “Surface-Wave Generaticn by Underground
o 4 Nuclear Explosions Releasing Tectonic Straim,* ‘Lawrence
Livermore Report, UCRL-93062.

ngssvrms

i v
Y

SRS

Rizer, N., J. T. Cherry, S. M. Day, T. C. Bache, J. R. Murphy, and

A. Maewal (1979), "Two-Dimensianal Calculation of PILEDRIVER,

H Analytic Continuation of Finite Difference Source Calculations,
Analysis of Free Field Data from Merlin and Summary of Current

; Rasearch,” Systems, Sclience and Software Quarterly Technical
b Report to Advanced Research Projects Agency, SSS-R-79-4121,
£ August.
59
SYSTIMS. SCIENCE AND SOFTWARS
R S A A, o

P i X & A . . e ATie S
3 ety 5 e ST Ty AR e L
NIRRT, - R RS Rt




Rivers, W. ané D. M. Von Seggern {1381), “Effect of Tectonic Strzin
» kelease on Surface-Wave Magnitudes,” tc obe published in
i - Teledyne~Geotech Report.

EURINT e Bt 3ot
A 4
st

Rygy, £. (1979), “Anomalous Surface Waves from Underground
Ecplosions,” 8SSA, 69, po. 1995-2002.

Savino, J. M., C. 5. Archambeau, and J. F. Masso [1480), “VFH
L4 Discrimination %asults from a TYen Station Netwerk,* Systems,
Science and Software Technical Report submitted to VELA
Setsmological Center, SSS~R-80-4566, July.

Stevens, J. L. (1980), “Seismic Radiatiorn from the Sudden Craatfon E
of a Spherical Cavity in an Arbitrarily Prestressad Elastic
Medlum,* Geophys. J. R. astr. Scc., 61, pp. 303-328.

Stevens, J. L. (1932), "The Growing Spherical Seismic Source,®
Geopnys. J. R. astr. Soc., 69, pp. 121-135.

1 e b B O BB T g A
L.

Toxsdz, M. and H. Kehrer (1572), “Tectomic Strafn Release by

® gxpiosions and Its Effect on Discrimination,” Geophys. J. K.
. astr. Soc., 31, pp. 181-161.
z

oot

SYSTEMS. SCIENCTE ANQ SORTWARE
37
g

- - Tt
PEpEEN a




B *
-
£ |
E e APPEHDIX 1
E & SOLUTION FOR THE CREATION OF A SPHERICAL
CAVITY IN A PRESTRESSEQ MEOTUM
E | ©
b |
2NN §
= jo
9
;5
E io

52

SYSTEMSE, SCIENCE AND SOFTWARE

3 - e B




K7

b atrcws

o ra o it T IR RIS

Gow

APPENDIX 1

SOLUTION FOR THE CREATION OF A SPHERICAL
CAVITY IN A PRESTRESSED MEDIUM

At integral equation for the dfsplacement field caused by
tractions T (g)-ﬁ appliieg to the inside of a cavity of any shape can
be writien (in the frecuency domain) as:

<
-

y_(zg.»)-/g-l(g)-ﬁdA-jrg-;(g)~ﬁdA §))
z

where § (x, Xy w)1s any freguency domain elastic Green's tensor,

and ¥ 1s the cavaty surfaca. If the cavity is created suddanly in a
prestressed medium, the apparent tractions are

T na-L 7 (u9).n

N~ {w ~

=

where ;l‘_ (5') is the initial prestress.

for a spherical cavity equation (1) is separable. We define

the complete set of vector spherical harmonics (after Ben-Menahem
and Singh, 1$68):
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Then if we expand the Green's tensor and its derivatives, the
displacement and the prestress in terms of these functions, the
orthogonality relations:

/‘E’mo Ez‘m' dQ = /fm'fz'm' d“'_/fzm’ Ez‘m' dG= 0

and (3)

f{m Pome d“'_[?m" Bom “‘-/E'm‘ Com 9%= 8, 08m Yp

v hy

4  {(L+m)!

U Il r s G e

used at the cavity surface (X = }_“) reduce equation (1) to a set
of algebraic equations. Oetails of the solution may be found in
Stevens (1980). Given the tractions in the form:

2
«©
T(u*) + 1 » Eo .E; Db Praler 8) * 02V 1) Bylo, 8)

0.2 V(1) Cles 8) (&)

the displacement may be expressed {n terms of the elastic
@igenvectors:

© i
u (x u) = EO Ei & () Mm% o) * Bynle) Em(f.-)
* Yymle) Em(f‘-) (s)

The coefficients a, ., fq0  Top determine  the displacement ;
field at any point outside the cavity. The vector eigenfunctions
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i E&m' ﬂim' L:n represent toroidal, spheroidal shear, and
¥ spheroidal compressional waves respectively. They are defined by:
1 Ha = (0 Va(e+ 1) Cole, 6)
4
S sy )
l’ Ezm - 2{2 1) '—y_' ?_?.m(e’ )]
4
R
i f, (¥)
N %
b s Uf ) s =) Val2+ 1) B0, ) (6)
; pe.
i
4 . , f, (x) TS
5 . Ezm =f) (x) Ezm("’ 6) + = 2(2+1) Em(a, b}
F » where x = Kr, y = Kr, and f, = h‘i), the spherical Hankel
£ : function of the second kind. :
E z
;
:
3 i
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I VECTOR MULTIPOLE COEFFICIENTS FOR PRESTRESS FIELDS
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2
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APPENDIX 2

VECTOR MULTIPOLE COEFFICENTS FOR PRESTRESS FIELDS

» In order to use the preceeding solution it is necessary to
. have the initial stress field expanded in vector spherical harmonics:
k \3
E ‘ © i
{ Twyda X T ool e0l (o 8,
g ’ ~- L=0 Me=f - ~

+0.3 Vaz +
Oyp V2l2 * 1) Com (1)

4 :i The coefficients Dlm, ng, ng may always be fcund by using i

3 . the orthogonality relations of the vector harmonics, but in some ,-'

. cases they may be found analyticaliy. A uniform stress field ;
("lj = constant} may be written in the form: g

[ 3 !

3 H 2 o ;

I : ~ 6 . i

3 . T(ur) enmA P+ A, (P, + - 8, ) (2}

: 00 _00 m_z-:z 2m *_2m 2 l2m .
S with

1 e mar S S pat Sl

1
Ago = T3 logg * gy *033)

ang defining the deviatoric stress tensor

Gij - qij - &‘U AOO

The remaining coefficients are:

L = =1
Raa =17 oy - 952) * 37 12
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1 i
Ay == o3 * 3 o3 @)
Ay = o33
The coefficients in equation (1) are then

1
D20 = Aag

03, = Mgy ()
2 1
0m = 7 Aom

All other coefficients vanish.

The negative m values may always be determined from the
positive m values by using the fact that the field is real. This
requires that:

< 1
i m (£ +m!
0pp = (-1) -m)! Ukm . €)
i i
(15“l s the complex conjugate of 0, )
Two other prestress fields which may be expanded analytically
are a point center of compression or a point dislocation located

along the 7 axis (see Figure A2-1).

The stress field for the center of compression may be easily

found by using the fact that the (static) displacement field can be
written

[4 I 1
ir0Z StClv 6)
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Figure A2.1.  Coordinates used for computation of stress fields
from center of compression and static dislecation.
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Then expanding 7 hy: £
1 i 2 E:
2 P (cose) Rel (7) g
r ie0 LL*I L p
» K
we find i
o 2 B
s R 3
u z;o ¢ T Em(coso) (8) )
The tractions due to any displacement field of the form: :
]
ulr, o, 6) = Eﬂ fian(™) Pon * Fon(r) B0 * fan G (9)
b |
T are given by
“ of 2f f
Lu)ed, = T [x <—,#ﬂ¢—-§-1-'5 - V2 () -%’-‘“)
iad am
C
if
‘o ai’““] P (& 8) (10)
om , o fln fom )
c *u T + J2(2+1) - - J,m
if
xm Itm
+ “('—3?- - = > C,.m(é. $)
<
3
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So we find

© 22
tw i T (07 Ly,
~ ~ L 1.2 -’
(2 -1) Ve(e*1) 8, ] {11)
so the coefficients become
1 2uc fRYC
DJ.O a —Cg (t) 2z - 1)
L-2
2 2uc /R
g - & t) e (12)

for2 > 2. All other coefficients vanish.

The stress field for a pownt disiccation 15 more complicated.
The displacement field que to the dislocation 1s given by the
Volterra relation:

=

e futg) LGt g ey (13)

Here G 1s the static elastic Green's tensor. For a point
dislocation, this becomes:

() =S T(8) - A (13)

where S fs the siip vector § = auA and A {s the nornal to the
surface. We define the vector S to be a unit vector in the
direction of slip. Then, using the analvtic form for the Green's

&1

SYITEMS. SCIENCE AND SOF. WARE




tensor (Ben-Menshem and Singh, 1968) and appiying the stress
operator to equation {14}, the stress field can be written:
AA -] 2 z R
T (ur) . 8 . hau 7 {e-m
: AV r | raR * Tay lzac =, CEOH 3
4 r . / * . :
. *ll(zm)'er\‘1‘%)'5}”‘“” ;
i ‘i . * kS
ST * L(Elm) * & <" ' ;(Eim) ¢ s>ll(2£- 1} E
B ..~: FY . -l ?
E R TN 3
- -4 * I e (ﬂ T s>l(2. + 122+ 3)
(is)
SH where the external efgenvectors are: 3
4 ’
'i ﬂm-r’ -2 ‘v}i(l*l) Byp - (2+1) Ekn] ;
3 L E:
; : Fp=r 't {(y-z)\/z( -3 am’(y¢z-1)zpm] (16)
e - 2-1
8 U= Yz 1) G
where 3
.2 ;
L3
Y= '1—"‘2‘-
e -8
3 3
: and tne internal eigenvectors are: :,
3 3
3 . 1 i’ 1 F
2 . o Ji(i+ 1) + 3, | 3
Fy [ Sem “ta :
: ettt [(s*l*v) Jifer i - ez 2(2r 1) B ]
s r Y _| i
i s AT ¢ §
Em -r V2 N Com (17) :
& 3
v
: 52 ;
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If the dislocation {s 1located on the I axis, then the
czlculation simplifies greatly as ail terms with m > 2 vanish We
need to evaluate the functions

o~

* * *
Lflm):L(im):L(i‘im) ate‘os b-os r=L

<
iy

After some 3lgeora and using simplifying relations from Ben-Msnanem
ang Singh, 1968, .. 431}, wa find that the stresses asscciated with

';_,- 2 vector of tne form
s 2 —_—
Usfy Pty VAL 1) B v s Vale 1) G (18)

can be written

3 ]
E: 1
E: O
v f.
. f 2
. A A PO | 1’1(2.‘1)-—]6
* S| ¢THFET r] on
: ¢ 2
- 2 311 (z+2)¢ 5
€ & 7017]2'32-2“ S2m E
L X
, ¥
C 33 _/f_z_”&]ll 2e2): (19) £
g ¢ % | \ r/ 12527 P ¥
[t f £ ;
A A ; a4 '2 ¢ T30 1 (z+)
e,.ea_-“r;':""EF'F]?él_—f%T&lm
: £
iC [
{ a1 h B2 dfslzzn:
ereoli—r*‘rﬁ—;-ra;-;"{ 7= 17 81
£ f t
A A 2 311 12+2)
% '—r--:]r 7= 207 far
: L
k
For the static eigenvectors of interest, the functions r" are:

(4
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E . f .,-'1.’!_;_;’«_. f .,-‘7-1.;%_'._1. 2

Am 2 1
i fpmr(E72) fre- e eltr 2 )
2 . -{ 2+ 1)
. 1] gzm H f3-r

We now define thr2 coefficients AM' AF, AN to be the complex
conjugate of the right hand side of equation {19) double dotted with
n 4and s, avaluated using the functions fl’ fz and f3 for the
3 vectors ﬂzm’ -F-fa:’ and Eﬂ.m respectively and divided by the
Green's temsor factors £(2 + 1), £{22% - 1), {2 + 1){22 + 3)

respectively. The tractions on the surface of the cavity are then:

s [ 4
3 © 2
: . Asy . -
H T(u-e - 2 TM).e
! = _) r ! refl * Ay EO e2 Ay = . r
3 .o
’ ‘AFL(-_)'e,. (21)
B AT (F7y « Qr
g $ Finaily, computing ail quantities explicitly, we get:
» r ol {2+ 1)(2 - y)(28 + 3)
: 3 u Omth PG R
3
. 21t -2
*Zu(i*Z-v)(l’l)j;‘AF 2u (e 1) R
§(
- 4 , = Dfm-ANuZ(l’l)z-vgz; (22)

*A @ -1) "2

&
L]

3 -1
e Dzm'AH u(l-}.)Rz
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APPENDIX 3

CONVERSION FROM VECTOR MULTIPOLE COEFFICIENTS
TO SCALAR MULTIPOLE COEFFICIENTS

In order to make synthetic seismograms in layered media, it is

7 necessary to transform from vector spherical harmonics to vector

k- cylindrical harmonics. The easiest way to do this is tc first form
v ’ the cartesian scalar potentials in spherical coordinates and then
. 4 transform these to cylindrical coordinates.

E The sector solutions are written:

3 y

3 © 1

& {

1 ux, o) = En E.z sim (8) Mp (Kgr) > 8,0 (o) B (Kyr)

s * Yy (o) Lim {&,r) (1)

U The scalar potentials are written:

X' =3 (7 x ) 1el,2,3 (2)

spaiai sl b

™
F'S

X =mTeu
" T
, These are all harmonic functicns and can be expanded in the form:
"%
;- i 5 : i
5 X'e XX aten (3)
¥ e 2 =0 D2

i (2) . im¢
where Y * hi (Kir) Pm {cose) ¢
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Using the definitions:

The probiem is to determine the scalar coefficients A;m in

terms of the :ector coefficients Tymr Sy Tope This s
easily done for X .
1 .2 .
X=7’U-Ev V'U-E v, T w .k ZY e
L - Ve ia imK: in @t B
Comparing with equation (3}, the clefficient is:
4
Alm‘ - ko Nm {5
Cemputation of Xifor i =1, 3 is more daifficult,
1 1 .
fou--zZaszme sl__anNm (6)
- - lm % - - - -

8
T ,_Zm’mfm”szm

where the fact the ¥+ ¥ = O has been used. )(i then are the
cartesian componsats of equation (8). Morse and Feshbach (1953}
give the cartesian ccmponents of the vecters _?,,'m, §,.m and 'Q!m which
can be used to reduce Squation & ts scalar efgenfunctions:
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bt oty e st

b

Vi + 1) (1+m)(z-m+1)iv‘2‘1+iv‘f1]

‘
E
E:
k:
E:
3

£ im

4
l(z*-m)(i.-m*l) v’g'l-y‘g"ll &)
5

o

Using Mm = hg?) YL+ 1) czm and cemparing with equation (3), we find:
1 ika iks
Fm = B T (e )(2-m) vay, ) 2

2 “, X
shm " Sy T (2R DO -m) v, 8 (8)
I 8 =5

Simiiarly,
tas Y (oo n2),) 0,

R/TESTY ((u L% - a2 > B (9)

2+
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- =
e s
A SRl

filﬂ.:.'l“v i%’; { ”m)(g_cm_,nym—l Y;;:i
1
-(l-m*l)(z-mvz) 201 ]
+%3 [(L*m)(zom_l)if::}.’if::%
-(z-mu(z-wz)”—?:% *r"’l]
-5

» e etp . £ AR~




RYEAREL - o)

+; [(l#m)'{‘;~1+(£-m¢1)Y‘;ﬂ] ‘ (10)

{
V2 o 1) By = ey l t [(“1)“"“)‘“““” it
el

+ 2l -m*ride-m+2) Y;'I’i-i lq-li}

~

*%3 [(9-*1)(1*m)(£+m-2)iv‘:j

1) i

vt -mr 1 -ae2) i

.2 f;_‘:{] (11)

-

+x {(1#1)(1+m) v;.“_l-z(z-m*l) Yf,IH

A1l of the cross terms ( hﬁ{ Y‘: 1 etc.) cancel out as they
\ -

must, leaving:

8 G +218 +m+2)(2 +m+i)
Ra =T {’1*1, 1 Y

2 *+2
T %4, 2l 2105

(2 -m -1} -me -1}
% i, m*l 22 -1

. e - 1)
ey, ml T
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d
.
g 2 Tk @ *2)E +m+2) +m+1) 12
] Mo T | ey 3T (12)
B
3 H L+ 2
: R T ye,mel éi 3
E 4 -1 -m ~ m)(2 - 1)
| Y e,ml TioT
2
: Hz =1
3 M Q-1 22 J
" ’ 3 % T LRI EE RSN & 1)@
Am T l %+1,m P %-1,m 7 -
= Equations (8) ard (12) must be added for the complete multipole
E: R coefficients, that is:
g
E i i i
3 ﬁim . cAlm + sAZm’ i=1,2,3 (13)
2
4 This completes the transformaticns. However, it is sometimes
convenient to have the coefficients axoressed in the form:
ke - hd 2 R
: X2 T L Ky Ry Cosel 1) ) cosno
. » 120 mwg
. - 8§m sz (cose) héZ) {r) sinmg (13)

Using the relation

P (cose) = (-1)7 H 87 (cose) (15)

we get

Loy L 0
Ty R T A OWGIng e Y v
L J

R
AZ«}"AZO
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itsared
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%
1

1

3
3

%

-

R WM
AN . + (-1} - m)! (16)
2m = Aua Te )T fem

R m (L -m
Bom = [A:m'(‘” l*m.AL-m]

Minster (1976) gives the transformations for rotations of the
myltipole coefficients. The coefficients derived for stress

concentrations along the 2z axis can be rotated to any other
location.

The displacements may be recovered from the potentials using
the relation:

u(x,u)--é-vé*%Vx X
a 8

Far field P waves have the swmple form:

-iK r
4
A z # L (A () cosmb + By (@) stnme) P, (coso)
-3

The scalar coefficients of squation (16) are now in the form
used by Bache and Karkrider (1976) for computaticn of synthetic body
wave seismograme and by Harkrider and Archamoeau (1981) for
computation of synthetic surface wave seismograms. These methods
are used for all of the examples in this report.
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APPENDIX 4

SCALING RELATIONS FOR MULTIPOLE COEFFICIENTS
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APPENDIX &

SCALING RELATIONS FOR MULTIPOLE COEFFICIENTS

The displacement field for tectonic release from a cavity of
radius R can be written

Wl ri8) = R T gy (R) £, (R) gy (ar)
,m

vwhere Am depends on the direction of observation and the type of
prestress field, fi. is a function of cavity radius and 92 is a
propagation term. If ve change the cavity radius to R' leaving
elastic constants the same, then

5

u (o s &) = R)2 Z A ) 08 gyfar)

Ot Stk

If we look at the aisplacement at frequency o' = E‘,ﬁ, then

. " 12 ' rR
st Y - @) B A () 1, () g, (o f

For the case of constant prestress fields Ag,m (R') = Azm(R)
and we have the simple relation

F
u (o', iR - (S—) u (o B8 R)

in the far field g, is proportional to l/er. WUsing

1 R'
or T ek




53

: A
n
3 ] p
: we get
3 ar \3
ufe'y riR') = | g~} uile, 7 R)
3 ) so the displacement varies as the cube of the radius at a frequency 3
which varicrs inversely with radius. E:
‘ Similarly, for the inhomogeneous stress fields considered, the
, ; 1] coefficients have the form
1 R,
£ Azﬂ\ (R') = —Lg Flm r,
’ If we vary the stress field so that % = constant, then
', 3 3
: ule’y riR') = (%—)J <%r> ¢ {w, r;R) =4 (w, T3 R)
\
’ if, however, we us2 the maximum stress ({or average stress) as a
: parameter, the scaling for bhomogeneous and inhomgeneous stress
4 fields becomes the same. 3
£ E
= 4

For homogenecus stress fields the displacement is proportiona} j
to the prestress. For the siress concentrations, the stress field
is proportional to 1/!.3. If R/L 1is constant, then the stress
field at all points on the surface scales as L"3. S0, using the

stress (at any point) o as a parameter, the scaling relation for all
of the stress fields becomes

DTUSTLTFIE s Wt AYPPENtrn?

1 L] 3
u (a%'r, riR'} -3—%3-)— v (o, ™jR)
g
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W At low frequencies the spectrum {s approximately flat so the
. N
1 z displacement (and the generation ot surface waves) are proportional
; ' to oR”. At high frequencies the spectrum is propcrtional to u-z
,_' s0 the displacements scale with oR.
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